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Although calcium (Ca) precipitation may play a patho-
genic role in atherosclerosis, information on temporal
patterns of microcalcifications in human coronary ar-
teries, their relation to expression of calcification-regu-
lating proteins, and colocalization with iron (Fe) and
zinc (Zn) is scarce. Human coronary arteries were ana-
lyzed post mortem with a proton microprobe for ele-
ment concentrations and stained (immuno)histochemi-
cally for morphological and calcification-regulating
proteins. Microcalcifications were occasionally ob-
served in preatheroma type I atherosclerotic intimal
lesions. Their abundance increased in type II, III, and IV
lesions. Moreover, their appearance preceded increased
expression of calcification-regulating proteins, such as
osteocalcin and bone morphogenetic protein-2. In con-
trast, their presence coincided with increased expres-
sion of uncarboxylated matrix Gla protein (MGP),
whereas the content of carboxylated MGP was increased
in type III and IV lesions, indicating delayed posttrans-
lational conversion of biologically inactive into active
MGP. Ca/phosphorus ratios of the microcalcifications
varied from 1.6 to 3.0, including amorphous Ca phos-
phates. Approximately 75% of microcalcifications colo-
calized with the accumulation of Fe and Zn. We con-
clude that Ca microprecipitation occurs in the early
stages of atherosclerosis, inferring a pathogenic role in
the sequel of events, resulting in overt atherosclerotic
lesions. Microcalcifications may be caused by local
events triggering the precipitation of Ca rather than by
increased expression of calcification-regulating pro-
teins. The high degree of colocalization with Fe and Zn
suggests a mutual relationship between these trace ele-
ments and early deposition of Ca salts. (4m J Pathol
2011, 178:2879-2887: DOI: 10.1016/j.ajpath.2011.02.004)

According to the current paradigm, atherosclerosis starts
with the deposition of lipid material originating from low-
density lipoproteins, invasion of macrophages, eventually
differentiating into foam cells, proliferation of smooth
muscle cells, and enhanced production of extracellular
matrix proteins in response to chronic arterial inflamma-
tion."3 In addition to biochemical and cellular changes,
increased deposition of calcium (Ca)-rich material and
trace elements, such as iron (Fe) and zinc (Zn), has been
reported.*~” In general, vascular calcifications, predom-
inantly in the thickened intima, have been associated with
more advanced stages of atherosclerosis.®~'" Large cal-
cified material at a millimeter scale correlated with plaque
burden and predisposition to myocardial infarction.'®'3
In addition to these nodules or sheets of calcified mate-
rial, the presence of Ca deposits at a (sub)micrometer
scale (ie, microcalcifications) in the atherosclerotic lesion
has been reported.®>® Recent studies'*'® showed that
rupture of vulnerable plaques in thin fibrous caps be-
cause of stress-induced debonding appears to occur
more readily in human atherosclerotic lesions in the vi-
cinity of microcalcifications. These findings indicate that
microdeposits of Ca-rich material may not be innocent
bystanders but are most likely playing a pathogenic role
in plague instability. Moreover, experimental studies'® in
apolipoprotein E-deficient mice showed that deposition
of insoluble Ca salts at the micrometer scale is an early
event in the atherosclerotic aortic wall. However, informa-
tion about the time of onset of microcalcifications in hu-
man coronary arteries is scarce. Because microcalcifica-
tions in the vascular wall might play a pivotal role in the
chain of events eventually leading to overt atherosclerotic
plaques, information on the relation between microscale
Ca deposits and the severity of atherosclerotic lesions in
human arterial walls is of great importance.

The causes of Ca deposition in atherosclerotic lesions
are still incompletely understood. Calcification-regulatory
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proteins, such as matrix Gla protein (MGP), osteocalcin
(OC), and bone morphogenetic protein-2 (BMP-2), may be
actively involved in the calcification process of atheroscle-
rotic lesions.® "8 Alternatively, increased nucleation sites,
being apoptotic or necrotic cellular remnants’®2° and/or
matricellular lipidic debris,?"?? may facilitate the precip-
itation of Ca salts at the (sub)micrometer scale. More-
over, No consensus exists about the chemical form of the
Ca-rich mineralized deposits in the vascular wall. Bulk
analysis of human aortas with advanced atherosclerotic
lesions revealed a Ca/phosphorus (Ca/P) mass ratio (ie,
2.16) similar to that of hydroxyapatite, being the main
constituent of bone.'® This observation is in line with the
notion that calcified material in advanced atherosclerotic
lesions of the arterial wall resembles bone and cartilage.®
In contrast, other researchers' found lower Ca/P mass
ratios in atherosclerotic plaques. Precursors of hydroxy-
apatite, such as dicalcium phosphate dehydrate, octa-
calcium phosphate, or magnesium-substituted tricalcium
phosphate (Ca/P mass ratio of 1.29, 1.72, and 1.94, re-
spectively), have also been reported.® Information on the
chemical composition of microcalcifications in preatheroma
stages may facilitate understanding of the mechanisms un-
derlying Ca deposition, and crystal growth, during early
atherosclerosis.

Previous studies have shown that trace elements, such
as Fe and Zn, accumulate in the atherosclerotic lesions of
patients®® and experimental animals.*” Pallon and co-
workers® reported that microcalcifications and hot spots
of Fe and Zn might coincide, in particular in areas close
to the internal elastic lamina of the vascular layer. Data on
Fe and Zn accumulations and their colocalization with
microcalcifications in early atherosclerotic stages in hu-
mans are scarce, hampering the rating of the pathogenic
significance of increased concentrations of trace ele-
ments in the onset and progression of atherosclerosis.

To obtain more information on microcalcifications in early
stages of atherosclerosis in human coronary arteries, the main
aims of this study were to investigate the following: i) the oc-
currence of microcalcifications in the thickened intima as a
function of severity of the atherosclerotic lesion, ii) the potential
role of calcification-regulating proteins in the onset of deposi-
tion of Ca-rich material, iii) the Ca/P mass ratio of microcalcifi-
cations, and iv) the colocalization of trace elements, such as
Fe and Zn, if any, with Ca-rich deposits in the early stages of
atherosclerosis.

Therefore, 12 tissue samples of coronary arterial walls of
six patients, who died from noncardiac causes, were ana-
lyzed with a proton microprobe to determine the presence
of locally accumulated Ca, P, and trace elements. The se-
verity of the atherosclerotic lesion of the coronary arterial
wall was classified according to the American Heart Asso-
ciation®* on the basis of standard staining procedures.

Materials and Methods

Elemental Analysis

The elemental composition of human coronary arteries was
assessed with a 3-MeV proton beam generated by a

3.5-MV accelerator (Singletron®®; High Voltage Engineering
Europe B.V., Amersfoort, the Netherlands) at Eindhoven
University of Technology, Maastricht, the Netherlands. Ele-
ment analyses were performed using proton-induced X-ray
emission (PIXE) in combination with backscattering spec-
troscopy and forward-scattering spectroscopy. The PIXE
technique is used to determine the content (g/cm?) of all
minor and trace elements present in the tissue section
with atomic numbers higher than 11; backscattering
spectroscopy is used to determine the tissue content
of the major elements (ie, carbon, oxygen, and nitro-
gen), and forward-scattering spectroscopy is used to
assess the hydrogen content. The combination of the
three techniques results in the concentration (ng/g
d.wt. of tissue) of the elements of interest, such as P,
Ca, Fe, and Zn, present in the sample. Further details
of PIXE analysis of vascular tissue were previously
published.?®

Tissue Preparation

Samples (n = 12) of coronary arteries were collected
during autopsy from the hearts of six adults (aged 47 to
86 years) who died from noncardiac causes. Autopsy
was performed 6 to 9 hours after death (Department of
Pathology, Academic Hospital Maastricht, Maastricht).
Tissue collection was approved by the Maastricht Pathol-
ogy Tissue Collection committee. After excision, vascu-
lar wall specimens were placed in cryomolds filled with
Tissue Tek (Sakura, Zoeterwoude, the Netherlands),
frozen in liquid nitrogen, and stored at -80°C. Cryosec-
tions (5-um thick) were cut at —30°C, using precooled
Teflon-coated knives, and subsequently collected on
predried Pioloform (Agar Scientific LTD, Stansted, UK)
films [thickness, 100 = 10 nm (mean * SD)] for PIXE
analysis. Adjacent sections (5-um thick) were col-
lected on glass slides and stored at —20°C before
staining. H&E staining was performed immediately af-
ter sectioning.

Morphological and IHC Staining

Changes in morphological features were evaluated on
H&E-stained sections.?” Standard oil-red-O staining was
applied to evaluate lipid accumulation.?” Immunohisto-
chemistry (IHC) was performed on frozen sections
stained with mouse monoclonal antibodies against both
uncarboxylated and carboxylated MGP (ucMGP and
cMGP, respectively; 1:25; Vitak Company, Maastricht,
the Netherlands),?® BMP-22° (1:20; Genetics Institute,
Cambridge, MA), human smooth muscle a-actin (clone
1A4; Dako, Glostrup, Denmark), human macrophage an-
tigen CD682° (clone KP1, Dako), or rabbit polyclonal
antibodies against OC?° (1:50; Anawa Trading, Wangen,
Zurich, Switzerland). Biotinylated sheep anti-mouse 1gG
(1:250; Amersham, Little Chalfont, Buckinghamshire, UK)
or sheep anti-rabbit IgG (1:1000, Dako) was used as the
secondary antibody. After incubation with alkaline phos-
phatase—coupled avidin-biotin complex (Dako), antibod-
ies were visualized with red alkaline substrate kit | (Vector
SK-5100; Vector Laboratories, Burlingame, CA), counter-



stained with hematoxylin, and coverslipped with Entellan.
Positive staining appeared red. IHC staining was rated
from 0.0 to 5.0; faint diffuse intensities, rated as 0.5, were
considered a nonspecific background without (patho-
Jphysiolocal significance. To obtain negative controls
only, the secondary antibody was applied.

Tissue Lesion Analysis and Classification

Atherosclerotic lesion subtypes were determined in the
12 samples of human coronary artery walls, according to
Stary,?* by an expert in the field. This American Heart
Association classification was based on H&E staining,
oil-red-O staining for lipid deposition, and IHC staining for
macrophages (CD68) and smooth muscle cells (human
smooth muscle a-actin). After classification of the lesion,
adjacent sections were analyzed with IHC staining of
calcification-regulating proteins. In addition, overview
yield scans were made with the 3-MeV proton beam
(beam size, 3.0 X 3.0 um?) in adjacent sections. When
microcalcifications were visible on the yield scans, areas
of interest were reanalyzed with a smaller beam size
(commonly, 0.9 X 0.9 um?) to investigate the local ele-
ment concentrations.

Statistical Analysis

Statistical dependences of data (eg, microcalcification
versus IHC scores) were assessed with Spearman’s rank
correlation analysis.

Results

Stage-Related Features of Microcalcifications
and Calcification-Regulating Proteins

From the 12 samples of human coronary artery walls of six
patients, four were obtained from the left anterior descend-
ing artery, four were obtained from the circumflex artery,
and four were obtained from the right coronary artery. On
the basis of criteria described by Stary,®* three samples
each could be categorized as type |, Il, lll, and IV lesions.

The upper row of Figure 1 shows examples of H&E
staining. Preatheroma type | lesions were characterized
by moderate thickening of the intima and intact lamina
elastica interna. In general, type Il to IV lesions showed
more extensive thickening of the intimal layer with non-
disrupted lamina elastica interna. Figure 1 also shows
IHC staining of calcification-regulating proteins in the
thickened intima of type | to IV lesions. Staining of ucMGP
was negative in type | lesions and showed increasing inten-
sity in type I to IV lesions (Figure 1). In contrast, staining of
cMGP was weak in both type | and Il lesions; and staining
intensity substantially increased in type IV lesions (Figure
1). The staining intensity of BMP-2 and OC was faint in
type |, I, and lll lesions and considerably increased in
type IV lesions (Figure 1).

In Figure 2, typical examples of Ca overview scans are
presented. In all cases, the Ca yield overview scans
made with the microprobe failed to reveal the presence of
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Figure 1. Representative areas of thickened intimal layer of type I, II, III,
and IV lesions of human coronary artery wall. Horizontally, the four
different classifications are indicated; vertically, the results of H&E and
THC staining of ucMGP, cMGP, BMP-2, and OC are shown. Arrowheads
indicate the nondisrupted lamina elastica interna in H&E staining of
type I, II, 1II, and IV lesions, separating the intima and media. The IHC
signal intensity increases from pale to dark cherry red. Scale bars =
50 wm.

Ca hot spots in the medial and adventitial layers (data not
shown). In addition, the Ca yield overview scans of the
type | lesions indicated that the thickened intima was
almost devoid of Ca hot spots (Figure 2, type I). However,
a detailed analysis of the affected intima at a higher
magnification with a smaller beam size occasionally re-
vealed the presence of microscale Ca precipitations; the
size of the microcalcification generally did not exceed the
size of one or two individual pixels (ie, 0.9 um; Figure 3).
Ca yield overview scans clearly showed regions with
locally enhanced Ca in the thickened intima of type Il
lesions (Figure 2, type Il). Microcalcifications were also
commonly present in the affected intimal layer of type IlI
and IV lesions (Figure 2, types Il and 1V, respectively).
In Figure 4, the combined results obtained in the 12 coro-
nary artery wall sections under investigation are presented.
Nonparametric statistical dependences analysis (Spear-
man’s rank correlation analysis) revealed an excellent
correlation between the patterns of microcalcification
scores and ucMGP staining (correlation coefficient,
0.933; P < 0.001). Microcalcification scores also corre-
lated with staining scores of cMGP, although to a lesser
extent than ucMGP (correlation coefficient, 0.672; P =
0.017). The less significant correlation between microcal-
cifications and cMGP staining is most likely caused by
the delayed increase of cMGP compared with ucMGP
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Figure 2. Examples of Ca yield analysis of the thickened intima of type I to
IV lesions with the proton microprobe. Microcalcification signal intensity
increases from blue to red to yellow. Scale bars = 100 pm.

staining (Figure 4). No significant correlations were found
between microcalcification scores and IHC staining of
BMP-2 and OC: the occurrence of microcalcifications
clearly preceded the increased expression of these cal-
cification-regulating proteins.

Ca/P Mass Ratio

First, areas in intimal type | lesions, which were clearly
devoid of Ca hot spots, were used to formulate a criterion
to distinguish microcalcifications from surrounding re-
gions. The average intimal Ca concentration in microcal-
cification-free areas was 4 = 2 X 10% ug/g d.wt., and the

1.5x10?

Figure 3. Ca concentration distribution of a randomly chosen area in the
thickened intimal layer of a type I lesion. The scan area is 28 um?; and pixel
size, 0.9 um. Right: Ca concentration is given and expressed as ug/g d.wt.
Microcalcification signal intensity increases from blue to red to yellow. The
size of the Ca hot spots hardly exceeds one or two pixels.
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Figure 4. Combined results of Ca yield (“microcalcifications™ and immuno-
logical staining of ucMGP, cMGP, BMP-2, and OC, assessed in the 12 sections
of human coronary artery wall under investigation, are presented. Data were
obtained in three lesions each of types I, I, III, and IV. 0 indicates no staining
intensity; and 5, highest intensity observed. The height of the bars reflects the
mean. An open circle refer to individual values per lesion type.

average Ca/P mass ratio was 0.14 = 0.09 (mean = SD).
A pixel was categorized as belonging to a microcalcifi-
cation if the values of Ca concentration and Ca/P mass
ratio were larger than defined in the criteria (ie, an aver-
age value plus three SDs for both parameters).

To assess the Ca/P mass ratio of microcalcifications in
early atherosclerotic lesions, 45 Ca hot spots were ran-
domly selected from sections with type Il, lll, and IV
lesions. First, a region with increased Ca density was
chosen on overview scans. Subsequently, areas with one
or more Ca hot spots were chosen at random and
scanned with a smaller proton beam size (Figure 5A).
Thereafter, an area (marked with a square in Figure 5A)
was chosen for further magnification with a further reduc-
tion in beam size. The results are shown in Figure 5B.
Second, a Ca hot spot was randomly chosen to analyze
the concentration distribution of Ca and P. Therefore, a
high-resolution scan was produced (Figure 5C). The final
scans consisted of 32 X 32 pixels, with a scan area of
14 X 14 um?. Figure 5 shows excellent colocalization of
P and Ca in the microcalcification.

Three representative examples of a Ca/P scatter plot
belonging to distinct microcalcifications are shown in
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Figure 5. Typical examples of P and Ca yield distributions in the thickened
intima of the human coronary artery wall. A: A randomly chosen area was
analyzed, with a beam size of 0.9 X 0.9 um? and a scan size of 128 X 128 pm?.
The marked area was reanalyzed with a beam size of 0.9 X 0.9 wm?. B A scan
size of 64 X 64 um? is shown. C: The concentration distributions of P and Ca of
a distinct microcalcification (marked area in B). The scan size was 28 X 28 p.mz,
and the beam size was 0.9 X 0.8 pum”. Right: Values are expressed as pg/g d.wt.

Figure 6A-C. The corresponding scans consisted of
32 X 32 pixels; the quantitative relationship between
the mass of Ca and P is shown on the individual pixel
base. In these three particular cases, the Ca/P mass
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ratio was 1.81 = 0.05 (Figure 6A), 2.10 * 0.06 (Figure
6B), and 2.79 = 0.08 (Figure 6C) (mean = SD).

The small variation (approximately 3%) observed be-
tween values of pixels belonging to one individual Ca hot
spot strongly suggests a homogeneous Ca and phos-
phate composition of that particular microcalcification.
The same holds for the other 42 Ca microprecipitates
analyzed. In contrast to the constant Ca/P mass ratio
within each individual Ca hot spot, the ratio appreciably
varied between the various Ca precipitates (ie, from ap-
proximately 1.6 to 3.0; Figure 6D). This figure, showing
the Ca/P mass ratios of 45 microcalcifications in ascend-
ing order, clearly indicates a continuum between the
lowest and highest mass ratio observed instead of clus-
tering around the ratio of pure hydroxyapatite (ie, 2.16).
The median value of the Ca/P mass ratio of the 45 hot
spots analyzed was close to 2.1. No relationship was
found between severity of lesion and Ca/P mass ratio
(data not shown).

Colocalization of Fe and Zn with
Microcalcifications

For all 45 Ca hot spots and the immediate surroundings,
as previously described, the concentration of the trace
elements Fe and Zn was measured with the microprobe
technique. The detection limits for Fe and Zn were 7 and
5 ng/g d.wt., respectively. Fe and Zn often showed small
hot spots, varying in diameter from 1 to 10 um. For the 45
high-magnification scan areas, colocalization of Fe and
Zn with the Ca precipitates was assessed. The criteria
were as follows: i) perfect match in localization (Figure 7
provides a typical example), ii) Fe and Zn accumulated in
close vicinity to the Ca hot spot (within 2 um), iii) Fe and
Zn locally accumulated in a region more remote from the
Ca precipitate (within 2 to 4 wm), or iv) no match at or
near the microcalcification. In case of Fe accumulation,

Figure 6. Typical examples of scatter plots of
Ca and P concentrations (expressed as pg/g
d.wt.) in distinct pixels from three individual Ca
hot spots (A—C). The scan size was 32 X 32
pixels. Light gray circles indicate pixels belong-
ing to the calcification; and dark gray triangles,
pixels of the region surrounding the calcifica-
tion. A linear fit through the points belonging to
a distinct microcalcification (light gray circles) is
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Figure 7. Typical example of concentration distributions of P, Ca, Fe, and
Zn in the thickened intima of the human coronary artery (scan size, 14 X 14
wm?; beam size, 1.0 X 0.9 um?). Right: Values of element concentrations are
expressed as ug/g d.wt.

its colocalization with Ca hot spots was perfect in 73% of
the cases (Table 1). In 76% of the cases, Zn colocalized
perfectly with microcalcifications. In more than two thirds
of the cases in which both Fe and Zn accumulated lo-
cally, both elements showed excellent spatial correlation
(Table 1). No relationship was found between severity of
lesion and degree of colocalization of Ca precipitates
and Fe and Zn accumulations (data not shown).

Discussion

The deposition of bulk Ca-rich material is generally asso-
ciated with advanced stages of the atherosclerotic pro-
cess.® A few studies'®2"22:39 reported the presence of
microcalcifications in the atherosclerotic vessel wall in
humans. In the present study, microcalcifications were
already occasionally observed in the early stage of ath-
erosclerosis (namely, in the moderately thickened intima
of preatheroma type | lesions of the human coronary
arterial wall). In more advanced lesions (ie, from type Il to
IV), microcalcifications were commonly observed in the
considerably thickened intima. These findings indicate
that precipitation of insoluble Ca salts is an early event in
the atherosclerotic process.

The primary trigger for Ca precipitation in soft tissues,
such as the coronary vascular wall, is still incompletely
understood. Ca precipitation could be elicited by an ac-
tively regulated process comparable to bone and cartilage
mineralization.®%17:18:31.32 Most studies on mechanisms
underlying vascular calcification have been performed
on advanced atherosclerotic lesions. However, it cannot
be excluded that mechanisms underlying the formation of
intimal microcalcifications in the earliest atherosclerotic
stages are different from the etiology of vascular bone
and cartilage formation.® Previously, Shanahan and col-
leagues®? reported that MGP is expressed by macro-
phages and smooth muscle cells in advanced athero-
sclerotic lesions close to precipitated calcified material,
possibly to counteract the calcification process. More-

over, MGP expression was increased in cultured vascular
cells before deposition of mineralized material, suggest-
ing an up-regulated defense mechanism to prevent cal-
cification.®® Because Luo and colleagues®* revealed that
the arteries spontaneously calcify in MGP-null mice, the
combined findings strongly suggest that MGP prevents
mineralization of the vascular wall.

However, MGP is present in at least two forms [ie, the
biologically inactive uncarboxylated form and the biolog-
ically active carboxylated form (ucMGP and cMGP, re-
spectively)].®® cMGP is thought to inhibit the formation of
Ca salts. Herein, we show that the early deposition of
microscale Ca salts coincides with increased expression
of biologically inactive ucMGP. Because Ca can induce
the expression of MGP,3537 the increase in intimal Ca
concentration at the microscale is most likely the trigger
for increased expression of MGP. Because the initially
enhanced MGP concentration (Figure 4) mainly repre-
sented the biologically inactive uncarboxylated form, the
rate of carboxylation and, therefore, increased concen-
tration of active cMGP clearly does not keep pace with
enhanced expression of MGP. The cause of the delayed
conversion of ucMGP into cMGP in the early stages of
atherosclerosis is incompletely understood; however, it
may relate to locally impaired vitamin K metabolism.®°
Retarded posttranslational transformation of ucMGP into
cMGP may add to the progression of Ca salt deposition
at the microscale in the early stages of coronary artery
atherosclerosis because of lack of sufficient activity of
calcification-inhibiting proteins.

BMPs are known to stimulate ectopic bone forma-
tion.® Earlier studies®®*° showed increased BMP-2 ex-
pression in atherosclerotic lesions with enhanced Ca de-
position. The corollary of our finding (ie, increased BMP-2
concentration occurred after the earliest signs of Ca depo-
sition) is that BMP-2 is most likely not involved in the onset
of Ca precipitation in the early stages of atherosclerosis. In
contrast, BMP-2 could play a detrimental role in accelerat-
ing the calcification process during later atherosclerotic
stages. However, cMGP is able to bind BMP-2 and, there-
fore, to mitigate its osteogenic activity.*°

Herein, it is shown that accumulation of OC, a protein
able to inhibit bone formation,*! is a relatively late phe-
nomenon in the atherosclerotic process. Increased OC
levels were found only in atheroma type IV lesions, cor-
roborating previous findings*? in type V and VI lesions in
human atherosclerotic carotid arteries. The late expres-

Table 1. Colocalization of Microcalcifications with Fe and/or
Zn Deposits

Type of
colocalization Ca-Fe Ca-Zn Fe-Zn
i 73 76 69
i 7 2 7
iii 4 4 4
iv 16 16 20

Data are given as percentages (n = 45). Types of colocalization are as
follows: i) perfect colocalization, ii) trace element within 2 um from the
microcalcification, iii) trace element within 3 to 4 um from the microcalci-
fication, and iv) no trace element deposition at or near the microcalcifi-
cation (ie, within 0 to 4 um).



sion of OC implies that OC in the affected coronary artery
wall may mitigate further Ca precipitation or crystal
growth of already formed microcalcifications but fails to
prevent the formation of Ca microdeposits at earlier
stages of intimal atherosclerosis.

The collective observations suggest that the onset of
deposition of Ca-rich material in the atherosclerotic pro-
cess is caused by local physicochemical events rather
than provoked by altered expression of calcification-reg-
ulating proteins. Deposition of insoluble Ca salts may
start when the solubility product of Ca and anions, such
as inorganic phosphate, exceeded locally. However, be-
cause most fluid compartments in the human body are
supersaturated with respect to Ca and phosphate ions,
deposition of Ca-insoluble material is thermodynamically
feasible but kinetically hampered under normal physio-
logical circumstances.”® This implies that, on the one
hand, nucleation sites are required for calcification to
occur locally and, on the other hand, specific inhibitory
factors are present, preventing the unwanted formation of
Ca-rich crystalline structures. Disturbed balance be-
tween the two processes will result in the deposition of
Ca-rich material (eg, in the preatheromatous coronary
artery wall). Nucleation sites may be apoptotic and/or
necrotic cellular material.#2° So-called matrix vesicles or
apoptotic bodies provide phospholipids and other lipidic
material that could serve as the site for Ca precipitation.
Recently, the osteogenic properties of the phospholipid
degradation product lysophosphatidylcholine were ob-
served.** A close relation between microcalcifications
and small pools of extracellular lipids, consisting of cho-
lesterol crystals, was previously observed.?'?2 Moreover,
matrical lipidic debris or “matrix vesicles” facilitated the
deposition of Ca-rich material.®”*°> The extracellular lo-
calization of this type of nidus was groupwise positioned
along elastic fibers and smooth muscle cells.*1:30:46:47
In contrast, Stary® suggested that Ca precipitation
starts intracellularly, predominantly in smooth muscle
cells, before cell death. Later studies*® support this
notion. The present technique does not allow for discrim-
ination between intracellular and extracellular sites of Ca
microdeposits. Further miniaturization of the proton beam
to the submicrometer level is required to adequately ad-
dress this intriguing issue.

Because the Ca/P mass ratio might reveal the nature of
the insoluble Ca salt and, therefore, possible similarities
between physiological bone formation and pathophysio-
logical mineralization of soft tissues, the Ca/P mass ratio
in 45 individual Ca hot spots was assessed. In previous
studies, chemical bulk analysis of both large and small
calcified deposits in human aortas with advanced athero-
sclerotic lesions'® showed Ca/P mass ratios close to that
of pure hydroxyapatite (ie, 2.16). Values varying between
2.0 and 2.2 were found in human calcified coronary ar-
teries, investigated with the electron microprobe.*® Fi-
nally, Bobryshev®® showed a Ca/P mass ratio of 2.12 +
0.18 of calcified vesicles (size, 0.1 to 0.5 um) (mean =
SD). In contrast, low ratios (0.66 = 0.22, mean *= SD)
were found in calcified matrix vesicles in human aortic
and carotid arteries.®’ Moreover, a value of 1.81 was
reported for calcifications in human aortas,”’ suggesting
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the presence of Ca-deficient hydroxyapatite. The present
determination of Ca/P mass ratios of intimal microcalcifi-
cations indicated that based on individual pixels individ-
ual, Ca hot spots possess their own unique ratio, indicat-
ing a homogeneous crystal composition. In contrast, the
Ca/P mass ratio greatly varied from precipitate to precip-
itate, ranging from 1.6 to 3.0, indicating that the compo-
sition of Ca- and P-rich material in the early stages of
atherosclerosis is not identical to that of hydroxyapatite
(Ca/P mass ratio, 2.16), being the main constituent of
mature bone.*® The composition could be amorphous
Ca phosphate or combinations thereof, with carbon-
ated Ca phosphate, dicalcium phosphate dehydrate, oc-
tacalcium phosphate, and magnesium-substituted trical-
cium phosphate. Because the median value of the Ca/P
mass ratio of 45 microcalcifications analyzed is close to
2.1, analysis of pooled material, as performed in previous
studies,'® could have easily obscured the true composi-
tion of the microscale Ca deposits and could have erro-
neously led to the conclusion that microcalcifications in
soft tissue show a high degree of similarity to mature
mineralized bone. However, Raman spectroscopic anal-
ysis of early mineralization in bone revealed the presence
of highly disordered amorphous Ca phosphate in con-
junction with octacalcium phosphate rather than pure
hydroxyapatite.5? Additional analytical techniques, such
as electron diffraction, are necessary to reveal the pre-
cise chemical composition of the Ca microdeposits in the
early atherosclerotic lesions.

Herein, we found that, in the early stages of intimal
atherosclerosis, small hot spots of Fe and Zn were al-
ready present in approximately 75% of the cases spa-
tially coinciding with microcalcifications. Fe deposits
have been observed in advanced atherosclerotic le-
sions.®7'%% Fe was surrounded by Ca-rich material, close
to the lamina elastica interna of human coronary arteries.®
Unfortunately, the severity of the atherosclerotic lesion
was not classified. Both increased® and decreased” Zn
concentrations in atherosclerotic tissue have been re-
ported. Fe and Zn in the pathogenesis of atherosclerosis
could have multiple roles. Fe could provoke peroxidation
of lipids, either engulfed by macrophages or deposited
extracellularly.®>*%° Zn is a cofactor of superoxide dismu-
tase, scavenging oxygen-free radicals and, thus, inhibit-
ing lipid peroxidation. Zn is also present in matrix metal-
loproteases, degrading tissue extracellular matrix and
promoting plaque rupture.®® The present experimental
approach does not allow drawing firm conclusions about
the source and pathogenic significance of Fe and Zn, but
their presence in the early stages of atherosclerosis,
commonly in conjunction with increased Ca precipitation,
may imply a role in the onset and progression of vascular
calcification.

Recent findings®” showed that exposure of macro-
phages to Ca microcrystals with a diameter of 1 to 2 um
elicited a proinflammatory response, suggesting that the
early occurrence of microcalcifications in the intimal layer
may negatively affect the atherosclerotic process by lo-
cally stimulating an inflammatory process. Moreover, in
the vessel wall of apolipoprotein E2—deficient mice, inva-
sion of proinflammatory macrophages preceded deposi-
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tion of Ca crystals.’® These findings suggest a positive
feedback amplification loop of microcalcifications and
vascular inflammation. The observation that Ca phos-
phate crystals with a diameter of approximately 1 um
induced death of vascular smooth muscle cells in vitro®®
might indicate a vicious cycle of deposition of microcal-
cifications, cell death, formation of apoptotic bodies and
matrix vesicles, and subsequent precipitation of Ca salts.
Whether this devastating process also occurs in human
coronary vasculature remains to be determined.

In summary, the deposition of Ca-rich material in the
intimal layer of human coronary arteries is an early event
in the atherosclerotic process. Precipitation of Ca-rich
material at the micrometer scale occurred before
changes in the intimal content of calcification-regulating
proteins, such as OC and BMP-2, but coincided with
enhanced expression of ucMGP. The rate of MGP car-
boxylation, yielding the biologically active form cMGP,
initially did not keep pace with enhanced MGP expres-
sion. The Ca/P mass ratio of the microcalcifications cor-
responds to amorphous Ca phosphate rather than pure
hydroxyapatite. In approximately 75% of all the Ca hot
spots investigated, Zn and Fe coprecipitated, suggesting
a mutual relation between the early precipitation of Ca
and accumulation of these two trace elements. Although
the present study does not elucidate the precise mech-
anism underlying the precipitation of Ca-rich material in
the human coronary arterial wall, the collective findings
might imply that early-stage microcalcifications play a
pathological role in the onset and progression of vascular
disease.
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